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amifi ed structures are omnipresent in 
nature and have attracted the attention 
of scientists and artists alike. Although 
their theme is strikingly simple — a 
common trunk forming repetitive, increasingly 
delicate branches — the resulting patterns may 
be highly complex, oft en so complex that the 
underlying order becomes hard to comprehend. 
Who is not fascinated by the beautiful cardioids 
of Benoît Mandelbrot’s fractal geometry? Yet 
these seemingly chaotic images are the result 
of a simple repetitive algorithm that produces 
progressively self-similar structures — much like 
the branches of a tree.
A recent exhibition at the Museum of Design 
in Zurich, Switzerland, featured images of rami-
fi ed structures in science and art. Th e accom-
panying publication,1 edited by art historians 
Barbara Bader, Andres Janser, and Marius Kwint, 
is entitled Einfach Komplex (Simply Complex) 
and illustrates the common theme of ramifi ed 
structures in nature. The work is organized 
according to what Janser calls “the three basic 
functions” of a tree: growth, order, and exchange. 
Th e fi rst section, “Growth,” highlights the abil-
ity of the tree-like structure to quickly expand 
from a core into progressively complex branches, 
thereby optimizing spatial requirements, yet 
facilitating continued growth through centrifu-
gal expansion. Various examples of ramifi ed 
structures from physics, chemistry, and biol-
ogy are given, such as the crystal structures in 
snowfl akes, three-dimensional reconstructions 
of dendritic inorganic molecules, and myxo-
bacterial fruiting bodies that display tree-like 
formations (Figure 1). Also, the concept of dif-
fusion-limited aggregation is discussed. Th is 
concept was introduced by the physicists Th o-
mas A Witten and Leonard M Sander in the 
early 1980s2 and since has served as a model for 
the formation of ramifi ed structures in nature. 
Diffusion-limited aggregation simulates the 
spontaneous formation of aggregates by ran-
domly diff using particles that adhere to a core 
particle upon contact. Under limiting concen-
trations of the diff using particles, this leads to 
the spontaneous formation of trees with mul-
tiple, seemingly organized branches. Th e sec-
ond part of the exhibition, “Order,” stresses the 
ability of trees to organize hierarchical relation-
ships while optimizing structural fl exibility. Th e 
degree of order is determined by the localization 
of branch points, as well as the direction and 
length of branches. As an example, the diagram 
“Système figuré des connoissances humaines” 
from Diderot’s and d’Alembert’s Encyclopédie 
of 1751 attempts a tree-like representation of all 
human knowledge. Other examples include the 
organization of the various branches of archi-
tecture, art, or biological species into ramifi ed 
diagrams and also novel forms of representation, 
such as heat maps of the stock market to visual-
ize in real time the developments of an entire 
economy. Finally, the “Exchange” section illus-
trates the power of a tree’s ramifi ed architecture 
to maximize interaction with the environment, 
as is exemplifi ed by gas exchange through the 
alveolar tree of the lungs (Figure 2) and infor-
mation exchange through branched processes 
of neurons.
Th is teleological approach of classifying tree-
like structures by their function can be applied 
to many types of branching structures in multi-
cellular organisms and, surprisingly, proves to 
be especially fruitful when applied to the kid-
ney. Th e highly complex functional structure of 
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Figure 1 | Myxobacterial fruiting bodies as 
visualized by scanning electron microscopy. 
Gesellschaft für Biotechnologische Forschung, 
Braunschweig, Germany; image by Heinrich Lünsdorf, 
Copyright 2004, with permission from the Hochschule 
für Gestaltung und Kunst Zürich
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the kidney, which had puzzled scientists since antiquity, was 
uncovered only in the nineteenth century by Friedrich Gustav 
Jakob Henle and Sir William Bowman. Th e kidney’s architec-
ture is based on two intermingled trees: a collecting-duct tree 
and a vascular tree. Embryologically, the collecting-duct tree 
develops from the ureteric bud, an outgrowth of the wolffi  an 
duct, which responds to signals from the adjacent metanephric 
mesenchyme. Th e ureteric bud undergoes repetitive dichoto-
mous or lateral branching events followed by branch elonga-
tion, leading to the establishment of the typical architecture of 
the collecting system.3 Simultaneously, the vasculature develops 
from branches of the dorsal aorta and is believed to follow the 
branching pattern of the ureteric bud.4 Th is tree-based archi-
tecture is the basis of growth and order during kidney develop-
ment. Regulators and modifi ers of these processes are central 
to our understanding of the normal development of the kidney 
and of disease states in which the size or architecture of the 
kidney is perturbed.
Growth of the ureteric bud tree is regulated by multiple fac-
tors. It has been known for more than half a century that the 
outgrowth and branching of the ureteric bud is dependent on 
the presence of the metanephric mesenchyme.5 Multiple mes-
enchyme-derived factors that aff ect ureteric bud growth have 
been identifi ed, most prominently glial cell line-derived neu-
rotrophic factor (GDNF). GDNF is both suffi  cient and neces-
sary for sprouting of the ureteric bud from the wolffi  an duct.6 In 
addition, GDNF induces continued growth and branching of the 
ureteric tree. It may be of clinical importance that the gene dos-
age of GDNF regulates the number of ureteric bud branches and 
ultimately the number of nephrons in the kidney.7 In addition, a 
substantial number of cases of renal agenesis are associated with 
mutations in GDNF or its receptors Ret and Gfrα1.6
Less is known about order in ureteric bud branching. Th e 
determination of the branching pattern is dependent on mul-
tiple factors, including stalk elongation, branch-point initia-
tion, and directionality of newly generated branches. In vitro 
studies on isolated ureteric buds embedded in artifi cial matri-
ces and supplemented with growth factors have demonstrated 
that growth and branching of the ureteric bud can take place 
independent of adjacent tissues.8 However, establishment of the 
proper order of the ureteric tree is dependent on interaction 
with diff erent tissue compartments of the developing kidney. 
Th e signals that guide the tips of the ureteric bud are largely 
obscure. In fact, one important candidate, mesenchymal GDNF, 
does not appear to act as a guidance signal for the ureteric bud, 
as misexpression of GDNF in the ureteric bud is able to rescue 
kidney development in mice lacking mesenchymal GDNF.9 
Interestingly, cells outside the metanephric mesenchyme are 
known to modulate the order of ureteric bud branching. A 
growing body of evidence implicates the involvement of renal 
stromal cells, which are located outside the metanephric mes-
enchyme proper. Th ese cells seem to signal to the ureteric bud, 
either directly or indirectly via the mesenchyme. Disruption 
of these signals in genetic defi ciency of a crucial transcription 
factor (Foxd1) or of retinoid acid-dependent signaling leads to 
disorder of the ureteric tree.10
Of course, the trees formed by the ureteric bud and the vas-
culature are complemented by additional structures to yield the 
mature architecture of the kidney. Th e key point of interaction 
between the vasculature and the nephron, the glomerulus, and 
the parts of the nephron up to the distal tubules are formed by 
processes that rely on a third functional property of a tree: the 
ability to facilitate exchange. Th e branching of the ureteric bud 
generates a situation in which the outermost tips of the ureteric 
tree are in close apposition to the metanephric mesenchyme. As 
is mentioned earlier, the metanephric mesenchyme modulates 
and facilitates generation of the ureteric tree. Th e ureteric bud 
tips, in turn, signal to the mesenchyme and induce its conver-
sion into the epithelia of the glomerulus, the proximal tubule, 
the loop of Henle, and the distal tubule, which then connects 
with the ureteric bud.11 Hence, these structural elements of 
the proximal nephron are not derived from branching of a pre-
existing epithelial tube but are generated de novo from non-
epithelial cells. In the vascular system a very similar process 
appears to take place. As described, the vascular tree extending 
from the renal artery appears to form by angiogenesis, a process 
characterized by growth and branching of preexisting blood 
vessels. Conversely, the vascular structures of the glomerulus 
appear to be generated by a process called vasculogenesis, the de 
novo formation of vascular structures from nonvascular cells.12 
Figure 2 | Reconstruction of the pulmonary tree from laboratory 
glassware. Capacity; by Annie Cattrell, Copyright 2000, with permission 
from the Hochschule für Gestaltung und Kunst Zürich.
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Although the detailed processes of renal blood vessel forma-
tion are not nearly as well characterized as the generation of 
epithelia, it is tempting to speculate that angiogenesis and vas-
culogenesis are compartmentalized to the ureteric tree and to 
the derivatives of the metanephric mesenchyme, respectively.
Optimization of growth, order, and exchange is a central fea-
ture of tree-like structures in various fi elds; this is particularly 
true in metazoan organ development. Th e developing kidney 
exemplifi es this novel idea in that it exploits the advantages of the 
ramifi ed architecture to facilitate growth, order, and exchange on 
multiple levels. It is noteworthy that this idea was generated by art 
historians in the context of an exhibition. Contrary to the com-
mon belief that the humanities are less rigorous than the sciences, 
this example illustrates the fruitful potential of an interaction 
between the two. Naturally, it is daunting to apply a teleological 
view to the natural sciences, as biological systems are generally 
devoid of intention or purpose. Yet characterizing the function-
ality and utility of a particular observation will provide possible 
explanations as to why a certain phenomenon — in this case, 
branching — has repeatedly provided advantages in the setting 
of natural selection. Hence, teleological aspects might help in the 
development of ideas about the role of individual driving forces 
in biology. It is up to the researcher to use these ideas to develop 
hypotheses, and to conduct the appropriate experiments.
ACKNOWLEDGMENTS
Special thanks to Qais Al-Awqati for the fascinating discussions 
that inspired this paper. KMS is a fellow of the Deutsche 
Forschungsgemeinschaft.
1. Bader B, Janser A, Kwint M (eds). Einfach Komplex: Bildbäume und Baumbilder in 
der Wissenschaft. Museum für Gestaltung: Zurich, 2005, 72 pp.
2. Witten TA, Sander LM. Diffusion-limited aggregation, a kinetic critical 
phenomenon. Phys Rev Lett 1981; 47: 1400–1403.
3. Al-Awqati Q, Goldberg MR. Architectural patterns in branching 
morphogenesis in the kidney. Kidney Int 1998; 54: 1832–1842.
4. Gomez RA, Norwood VF, Tufro-McReddie A. Development of the kidney 
vasculature. Microsc Res Tech 1997; 39: 254–260.
5. Grobstein C. Inductive epitheliomesenchymal interaction in cultured organ 
rudiments of the mouse. Science 1953; 118: 52–55.
6. Costantini F, Shakya R. GDNF/Ret signaling and the development of the 
kidney. Bioessays 2006; 28: 117–127.
7. Cullen-McEwen LA, Kett MM, Dowling J et al. Nephron number, renal function, 
and arterial pressure in aged GDNF heterozygous mice. Hypertension 2003; 41: 
335–340.
8. Qiao J, Sakurai H, Nigam SK. Branching morphogenesis independent of 
mesenchymal-epithelial contact in the developing kidney. Proc Natl Acad Sci 
USA 1999; 96: 7330–7335.
9. Shakya R, Jho EH, Kotka P et al. The role of GDNF in patterning the excretory 
system. Dev Biol 2005; 283: 70–84.
10. Levinson R, Mendelsohn C. Stromal progenitors are important for patterning 
epithelial and mesenchymal cell types in the embryonic kidney. Semin Cell Dev 
Biol 2003; 14: 225–231.
11. Mori K, Yang J, Barasch J. Ureteric bud controls multiple steps in the 
conversion of mesenchyme to epithelia. Semin Cell Dev Biol 2003; 14: 209–216.
12. Ballermann BJ. Glomerular endothelial cell differentiation. Kidney Int 2005; 67: 
1668–1671.
